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Abstract. This study compared litter decomposition dynamics of cork oak at three sites under different land-uses
(grassland, shrubland and woodland), in a montado ecosystem in Southern Portugal. The montado is a protected habitat
within the EU Habitats Directive, but the long-term persistence of cork oak is endangered in these ecosystems, with health
of poor cork oak and low natural regeneration rates being the main causes of degradation. Moreover, human management
has resulted in the conversion of woodlands to grasslands and may have long-term effects on soil nutrient availability,
eventually modifying soil nutrient budgets. Knowledge of the ecological processes is therefore relevant for ecosystem
management and species conservation. In the study, the estimated amount of leaf fall from cork oak showed no signiﬁcant
differences between land uses, despite the positive inﬂuence of tree crown size on leaf fall. Decomposition was affected
by season, vegetation cover, leaf thickness and litter quality. Differences in land use that exposed soil to harsh climate
conditions negatively affected soil microbial dynamics, resulting in lower decomposition rates in the more disturbed
sites with lower canopy cover.
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Introduction
Cork oak (Quercus suber) is an evergreen tree species native
to the western part of the Mediterranean Basin (Pausas et al.
2009). The largest cork oak woodlands are found in the Iberian
Peninsula and have been used for agricultural, pastoral and
forestry purposes at least since the Middle Ages (Joffre et al.
1999; Olea et al. 2005; Bugalho et al. 2011). In Portugal, this
ecosystem is known as montado and it is characterised by open
woodlands (20–80 trees ha–1) with only one or a few tree
species besides cork oak, mainly holm oak (Q. rotundifolia)
and pines (Pinus spp.). Because montados are found in different
climatic and edaphic environments, but mainly in marginal soils
and under harsh conditions, their structure and understorey
composition are variable (Joffre et al. 1999; Pinto-Correia
and Mascarenhas 1999). Human management has favoured
habitat heterogeneity and biodiversity at local and regional
levels, creating a multiplicity of ecotones, and the montado
represents a model of a sustainable ecosystem with coexisting
human activities and natural resources (Blondel 2006). This
ecosystem is a protected habitat within the EUHabitats Directive
(92/43/EEC, http://ec.europa.eu/environment/nature/legislation/
habitatsdirective/index_en.htm, veriﬁed 12 September 2016)
but the long-term persistence of cork oak in montados is a
subject of serious concern among the public and the scientiﬁc
community. The main causes of degradation are poor cork oak
phytosanitary conditions and low natural regeneration rates
(Díaz et al. 1997; Pulido and Díaz 2005; Acácio et al. 2007;
Camilo-Alves et al. 2013; Acácio and Holmgren 2014; Arosa
et al. 2015).
Ecological processes are frequently controlled by the
availability of nutrients; thus, knowledge of the limiting
nutrients is relevant for ecosystem management and species
conservation. Nutrient limitation may affect species composition
and richness through its effects on productivity; the maximum
productivity levels attainable may differ depending on nitrogen
(N), phosphorus (P) or potassium (K) limitation (Olde Venterink
et al. 2001; Wassen et al. 2005). Foliar nutrient content, litter
decomposition and litter dynamics are widely recognised as
effective measures of the nutritional status of plants, and they
are key processes in nutrient cycling and energy transfer in
terrestrial ecosystems, inﬂuencing their stability (Chapin et al.
1980; Maguire 1994; Vitousek et al. 1994; Aerts and Chapin
1999). Litter fall, together with nutrient resorption and foliar
leaching, is a principal pathway to return carbon (C) and
nutrients (particularly N and P) to the soil, and litter
decomposition contributes 70% of the total annual carbon
ﬂux (Miller 1984; Raich and Schlesinger 1992; Cadisch and
Giller 1997; Piatek and Allen 2000; Luyssaert et al. 2005). Litter
decomposition involves the mineralisation and humiﬁcation of
lignin, cellulose and hemicellulose, and the leaching of soluble
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compounds, C, N and P, which are mineralised or immobilised
in the soil (Aber and Melillo 1982; Gallardo and Merino
1993; Coûteaux et al. 1995). Multiple factors control litter
decomposition, including climate, litter chemistry and quality,
and soil organisms, with litter being the strongest determinant
of the decomposition processes within the same climate region
(Hart et al. 1992; Lavelle et al. 1993; Lisanework andMichelsen
1994; Cornwell et al. 2008).
The main objective of this study was to evaluate the
decomposition process as leaves fall to the ground in three
montados subjected to different land uses (grassland, shrubland
and woodland). Reduced ﬁtness of cork oak trees will
unfavourably affect their mineral nutrition (Robert et al.
1996); thus, an understanding of nutritional dynamics of cork
oak can aid decision-making for the management of this
ecosystem. We estimated the amount of foliar litter fall per
site and analysed how it was inﬂuenced by tree crown size and
tree density. The concentrations of N, C, P, lignin, cellulose and
hemicellulose in foliar litter were determined before the
decomposition process started and after 18 months in the soil.
This was done to improve understanding of nutrient cycling
in the montado, because the sclerophyllous leaves of cork
oak could affect decomposition owing to the high content of
structural compounds such as lignin and cellulose that confer
impermeability and resistance to microbial degradation
(Kolattukudy 1980; Gallardo and Merino 1993). Leaf thickness
can help to explain decomposition rates; hence, we compared
leaf thickness and tested for differences in litter decomposition
rates among the three sites.
The hypotheses tested were that: (i) there is a direct
relationship between canopy size and the quantity of foliar
litter fall among sites, independently of land use, because
aerial biomass in the canopy may condition the amount of
litter fall (Chertov et al. 1999); (ii) lower decomposition rates
occur in grassland from the absence of tree and shrub cover and
consequent exposure of the soil to harsh climate conditions
during the summer (Gaxiola and Armesto 2015); and (iii) leaf
thickness inﬂuences decomposition rates because of the negative
effect of the presence of lignin and cellulose (Kolattukudy 1980;
Cornelissen et al. 1999).
Methods
Study area
Fieldwork was carried out from March 2011 to May 2014 in
Montemor-o-Novo, southern Portugal, in the Herdade do Freixo
do Meio (388420N, 88190W), a farm that manages 1140 ha of
cork oak–holm oak montado. The area has a Mediterranean
climate with hot, dry summers and rainfall mostly in autumn
and winter (mean annual rainfall 660mm, mean annual
evaporation 1760mm; INMG 1991). In order to test the
hypotheses, we selected three sites (grassland, shrubland and
woodland) within the study area and nine subplots, three under
each site. Site size was 1200m2 and distance between each
subplot was 250m.
Cork oak is the dominant tree species and each site has
been historically subjected to a different type of management.
Detailed description of the three sites is provided in Table 1. Air
temperature and relative humidity were recorded at the three
sites hourly with thermohygrometers (HOBO Pro v2 logger;
Onset Computer Corporation, Bourne, MA, USA) placed 1.5m
aboveground under the tree canopy, and the values in Table 1
represent the mean for each of the three sites calculated during
a single year.
The grassland site had a density of 25 trees ha–1, and the mean
crown diameter of cork oak trees was 11.1m. Soil ploughing
was carried out every 1–2 years to enhance pasture growth for
livestock rearing or to produce fodder and grain; therefore,
shrubs were almost absent from this site.
The shrubland site had a density of 40 trees ha–1, and the
mean crown diameter of cork oak trees was 10.8m. The site was
used for extensive livestock rearing only. Encroaching shrubs
were periodically cut with chains to allow livestock grazing
and browsing. During the study, there was a dense shrubby
undergrowth of Cistus spp. and Asparagus acutifolius.
The woodland site had a density of 45 trees ha–1, and the
mean crown diameter of cork oak trees was 9.2m. This site
was used for forestry only and had a dense, heterogeneous,
shrubby understorey composed of Cistus spp., A. acutifolius,
Ulex australis subsp. welwitschianus, Pistacia lentiscus,
Arbutus unedo, Phillyrea angustifolia, Crataegus monogyna,
Q. coccifera and Lavandula pedunculata.
Leaf fall
Leaf fall was determined by means of litter traps. Traps were
constructed of circular nets of area 0.25m2 attached to the
Table 1. Description of locality, soil, forest structure and land uses
of the three sites
DBH, Diameter at breast height
Grassland Shrubland Woodland
Locality:
Latitude 388410 388420 388420
Longitude 88190 88190 88200
Altitude (m) 150 175 150
Size (ha) 32 35 29
Air temperature (8C) 15.67 14.75 15.54
Relative humidity (%) 73.80 76.88 73.68
Slope exposure SSW SW W
Soil:
Bedrock type Granite Granite Granite
pH (H2O) 4.90 5.15 5.05
Organic matter (%) 1.82 1.85 1.70
Carbon (%) 1.06 1.07 0.98
Nitrogen (%) 0.09 0.09 0.08
Soil moisture (%)
Spring 18.09 19.89 20.49
Winter 16.29 29.17 18.56
Forest structure:
Density (trees ha–1) 25 40 45
Cork oak trees (%) 69 76 93
Crown diameter (m) 11.1 10.8 9.2
DBH (cm) 163 164 138
Shrub density Low Medium High
Land uses:
Agriculture Yes No No
Livestock Yes Yes No
Forestry Yes Yes Yes
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canopy with a string. Three traps were installed per tree in 20
cork oak trees per site, making 180 traps in total at the three sites.
The contents of each trap were inspected every 15 days from
January to December 2011 and leaf fall was restricted to the
period between May and mid-July. Litter was collected and
dried at 608C, and leaves were weighed for each litter trap. The
projection area of the tree crown was calculated for each selected
tree by measuring maximum and minimum crown diameters,
in order to estimate foliar litter fall per tree (kg tree–1). To
estimate the amount of foliar litter fall per site (kg ha–1), we
multiplied the foliar litter fall per tree by the tree density in
each site.
Litter quality and decomposition
Chemical composition of cork oak leaf litter was determined at
the start of the study and after harvesting litterbags in the soil for
18 months. All leaf material was oven-dried at 608C. Total C
and N concentrations were determined with a CHN elemental
analyser (FlashEA1112; Thermo Fisher Scientiﬁc, Waltham,
MA, USA). Total P concentration was determined by using
an ICP-MS (ELEMENT XR; Thermo Fisher Scientiﬁc). Lignin
and cellulose contents were determined following AOAC (1995)
methods and hemicellulose contents were determined following
the procedures described by Van Soest and Wine (1967). These
results were used to calculate three indices, the ratios C :N, N : P
and lignin : N. The C :N ratio expresses the N concentration in
organic matter, a low C :N suggesting a high decomposition rate
in the early stages of decomposition (Berg and Ekbohm 1983).
The variation in the relative supply of N and P among
ecosystems inﬂuences the decomposition process, which is
mostly bacterial-driven at low N : P ratio and fungal-driven at
high N : P ratio (Güsewell 2004; Güsewell and Gessner 2009).
Knowledge of the limiting nutrient is relevant for ecosystem
management and species conservation (Wassen et al. 2005). The
lignin : N ratio assumes that N and lignin have opposite effects
on the decomposition rate, and is a good predictor of mass loss
during the initial stages of decay (Melillo et al. 1982).
Litter decomposition rates were evaluated by using the
litterbag technique (Garnier et al. 2007). Leaves were
collected in June 2012, at the peak of leaf senescence, and
dried at room temperature for 3–4 days until weight stabilised.
A standard 1-mm mesh fabric was used to make ﬂat polyester
bags of ~10 cm by 10 cm, and then 2.0 0.1 g leaf matter was
placed in each bag. Thirty litterbags were distributed per
site. The experiment began in November 2012 and lasted for
18 months, with three harvests: April 2013 (6 months),
November 2013 (12 months) and April 2014 (18 months).
After harvesting, bags were cleaned with a paint brush and
dried, ﬁrst at room temperature and then at 608C for 3 days, and
the clean litter was weighed. Mass loss over time was based
on the single exponential decay model that assumes a constant
fraction of mass loss per time unit (Olson 1963); mean litter
decomposition rates (k-values) are presented in Table 2 as
fractional mass lost per year.
Leaf thickness (mm) was calculated by using measurements
of speciﬁc leaf area (SLA, cm2 kg–1) and leaf dry matter content
(LDMC, mg g–1), given that leaf thickness = 1/(SLALDMC)
(Gallardo and Merino 1993; Pérez-Harguindeguy et al. 2000;
Vile et al. 2005). SLA was determined on 15 full-grown cork
oak fresh leaves per site, and LDMC was measured after
drying the leaves, following standard methodologies (Pérez-
Harguindeguy et al. 2013).
Statistical analyses
Data exploration was done with Brodgar 2.6.6 (Highland
Statistics Ltd, Newburgh, UK), an interface supported by
software R version 2.9.1 (R Development Core Team, Vienna).
Analysis of variance (ANOVA) was performed with Statistica 8.0
(StatSoft Inc., Tulsa, OK, USA) to test for differences in mean
daily air temperature and relative humidity among sites.
Mean leaf litter mass loss values for each site and harvest
were calculated, and the analysis was performed with each of the
three plots per site as a replicate. Differences between sites in
leaf fall, leaf thickness and litter mass remaining were tested by
two-way ANOVA (site and time as factors) followed by the
Tukey test (a= 0.05). Analyses were carried out with Statistica
8.0. Data were ﬁrst examined with Levene’s tests, and the
arcsine transformation was applied to remaining litter mass
data for homogeneity of variances. Results are presented as
mean standard error.
Results
Leaf fall
Foliar litter fall recorded in litter traps during 2011 was
289.9 42.7 gm–2 in grassland, 221.9 42.4 gm–2 in shrubland
and 187.2 22.2 gm–2 in woodland (232.4 21.4 gm–2 for the
Table 2. Decomposition rates (k-values) and litter chemical composition in decomposition bags (each bag with 2.0 0.1 g cork oak leaves) placed
at the three sites at the beginning of the decomposition experiment (0 months) and after 18 months in the soil
Values are means of three replicates
Site k Nitrogen Carbon Phosphorus Cellulose Hemicellulose Lignin C : N N : P Lignin : N
(year–1) (mg)
0 months
Grassland 0 35.2 989.6 3.0 465.8 191.8 167.2 28.1 10.7 4.8
Shrubland 0 35.0 995.6 3.4 362.8 175.0 122.8 28.5 10.3 3.5
Woodland 0 34.8 1001.4 3.2 457.4 173.8 164.0 28.8 10.9 4.7
18 months
Grassland 0.9 15.5 271.3 0.8 81.4 65.5 54.2 17.5 18.3 3.5
Shrubland 1.6 8.2 141.1 0.2 97.2 44.4 66.8 17.5 44.8 8.2
Woodland 1.1 12.5 241.5 0.1 57.5 73.2 40.9 19.4 120.8 3.3
Cork oak decomposition in montado Soil Research C
study area). Marginally signiﬁcant differences were found
among sites for estimated foliar litter fall per tree (grassland
34.4 8.0 kg tree–1, shrubland 22.6 5.3 kg tree–1, woodland
14.9 2.9 kg tree–1; F2,57 = 2.97, P = 0.060). Signiﬁcant
differences were not found for foliar litter fall per site (grassland
859.7 201.2 kgha–1, shrubland 903.0 211.8 kgha–1, woodland
671.9 131.3 kgha–1; F2,57 = 0.46, P=0.633).
Litter quality and decomposition
Initially, values of C, N and P, and the C :N and N : P ratios,
were only slightly different among sites (Table 2). On the other
hand, leaves from the shrubland site had very low values of
cellulose and lignin, and low lignin : N ratio, whereas the highest
values for these parameters, as well as hemicellulose, were found
for leaves at the grassland site (Table 2).
After 18 months in the soil, litter content of C, N and P was
variable among sites. The C :N ratio showed small differences
among sites; however, the lignin : N ratio was very high at the
shrubland site (Table 2). The highest concentration of cellulose
in remaining litter mass at 18 months was also found in this
site. The N : P ratio at the woodland site was very high compared
with values obtained for the grassland and shrubland sites.
Respective percentages of litter mass remaining at 6, 12 and
18 months were 51%, 49% and 27% in grassland, 28%, 23%
and 14% in shrubland and 44%, 35% and 24% in woodland
(Fig. 1). Overall, litter decomposition rates were lowest
during spring–summer (6–12 months), whereas the highest
decomposition rates occurred during the initial autumn–winter
(0–6 months) (Fig. 1). Signiﬁcant differences were found among
sites for remaining litter mass at 6 months (F2,27 = 4.82,
P = 0.019) and 12 months (F2,27 = 9.67, P = 0.010), but not at
18 months (F2,27 = 1.49, P = 0.251).
The results may have been inﬂuenced by air temperature
and relative humidity. These were recorded throughout the
study, and are in agreement with the typical Mediterranean
climate of long, hot, dry summers and mild, humid winters
(mean annual air temperature 15.58C, mean annual relative
humidity 73.6%, INMG 1991). Mean daily air temperature
was lowest and relative humidity highest in areas with high
tree density and a dense shrub layer (air temperature: F2,1095 =
2.96, P > 0.05; relative humidity: F2,1095 = 5.06, P< 0.01).
Leaf thickness was 0.228 0.001mm in grassland,
0.205 0.001 in shrubland and 0.184 0.001mm in woodland,
being signiﬁcantly different among all three sites and least in
woodland (F2,42 = 6.99, P = 0.002).
Discussion
Leaf fall can be an adaptation to the water deﬁcit that occurs
during the dry summer period in the Mediterranean region
(Rodrigues et al. 1995), and evergreen cork oaks shed their
old leaves mainly during spring in order to reduce transpiration
surface (Andivia et al. 2010). Mean values of leaf fall of cork
oak in our study (0.23 kgm–2 year–1) are consistent with other
previous estimations for cork oak: 0.23 kgm–2 year–1 (Andivia
et al. 2010), 0.26 kgm–2 year–1 (Caritat et al. 2006),
0.29 kgm–2 year–1 (Aponte et al. 2013). The amount of litter
fall has a direct relationship with aerial biomass in the canopy
(Chertov et al. 1999), and accordingly, we found marked
differences among sites in leaf fall per tree given that wider
tree crowns provided a greater amount of foliar litter fall.
Nevertheless, these differences did not represent an overall
increase in foliar litter fall per site because tree crowns were
wider where tree density was lower.
Differences in land use and the resulting plant communities
can inﬂuence decomposition through changes in the quality
of the litter produced and alterations to the temperature and
moisture regime at the soil surface. The quality and chemical
composition of the litter, environmental conditions, soil fauna
and microorganisms can affect the rate of decomposition (Singh
and Gupta 1977; Berg and McClaugherty 2008; Castro et al.
2010). Litter decomposition rates were signiﬁcantly different
among the three sites. Leaf thickness can also help to explain
the decomposition rates of sclerophyllous leaves, negatively
affecting loss of litter mass. A negative relationship between
leaf thickness and leaf decomposition has been attributed to
both dense leaves and the presence of chemically resistant
components such as lignin and cellulose (Cornelissen et al.
1999; Pérez-Harguindeguy et al. 2000; Cornwell et al. 2008;
Kurokawa and Nakashizuka 2008).
Leaves are structurally organised so that cellulose and
hemicellulose are found in the primary cell wall and lignin in
the secondary cell wall; thus, the decomposition process occurs
in different stages because the larger lignin macromolecules
hinder leaf decomposition (Berg and McClaugherty 2008). In
addition, N and P have an important role in the regulation
of decomposition rates (Enríquez et al. 1993). Contents of N
and P in leaves at the beginning of our study were similar to
those found previously (Passarinho et al. 2006; Andivia et al.
2010). The low decomposition rates observed at the end of
the study can be attributed to the high N : P ratio in shrubland
and woodland, where the limiting factor to decomposition
seemed to be low P values (Güsewell and Gessner 2009).
The higher lignin and cellulose concentrations, together with
the low values of N in shrubland relative to grassland and
0 6
Months after start of experiment
0
20
40
60
80
100
Li
tte
r m
as
s 
re
m
ai
ni
ng
 (%
)
 Grassland
 Shrubland
 Woodland
12 18
Fig. 1. Litter mass remaining in litterbags placed under the canopy of cork
oaks at the three sites (grassland, shrubland and woodland). The experiment
started in November 2012 (0 months) and litterbag harvesting was carried
out in April 2013 (6 months), November 2013 (12 months) and April 2014
(18 months). Values are mean s.e. of 10 replicates per site.
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woodland, could have negatively affected the decomposition
process. The lower initial concentrations of lignin and cellulose
in cork oak leaves in shrubland might have facilitated
decomposition compared with the other sites in the early
stages; however, the proximity of an artiﬁcial pond to this
site may have affected the decomposition process. The water
level in the pond increased during winter, increasing the soil
moisture in its vicinity (Table 1). The resulting lowered soil pH
and/or anoxic conditions could have caused the death of some
microbial communities, leading to incomplete mineralisation
(Enríquez et al. 1993; Coûteaux et al. 1995). Contents of lignin
are presumably altered in wet soils (Berg et al. 1993a), and
this could explain the observations at the late decomposition
stage of cellulose and lignin decomposition slowing down,
also affecting the lignin : N ratio. On the other hand, early
decomposition in grassland was hampered by the higher
initial concentrations of cellulose, hemicelluloses and lignin,
and by leaf thickness. Moreover, tree density was low at this site
(25 trees ha–1), and in the absence of shrubs, soil exposure to
harsh climatic conditions during summer could have had a large,
negative impact on ecosystem functioning. Thus, soil microbial
dynamics, given by nutrient release and immobilisation cycles,
and nutrient availability for plants (Berg et al. 1993b; Aponte
et al. 2010; Matías et al. 2011) can signiﬁcantly reduce
the decomposition rates (Corre et al. 2002; Quilchano and
Marañón 2002; Gurlevik et al. 2003; Blanco et al. 2011;
Gaxiola and Armesto 2015).
Our study has highlighted important differences in cork oak
leaf fall, litter quality and litter decomposition according to
the main land uses in the montado. Because tree density and
tree crown size showed a strong inverse relationship in this
ecosystem, the estimated amount of cork oak leaf fall was
identical at all sites, even though the wider tree crowns
provided more leaf fall. Furthermore, lower values of leaf
thickness were associated with a higher tree density, which,
together with a lower content of cellulose, hemicellulose and
lignin, is likely related to the higher decomposition rates
found in shrubland. Litter quality and deﬁcient soil microbial
activity due to soil exposure to severe climate conditions in
the absence of shrubs were the probable causes of the lowest
decomposition rates in grassland. Overall, our results demonstrate
that a faster nutrient cycling can occur in montados with high
tree density and a dense shrub layer.
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